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(54) A lithium secondary battery 



(57) A lithium secondary battery comprising a neg- 
ative electrode containing an active material including 
carbon materials capable of electrocherrtjcally occlud- 
ing and releasing, lithium ions, a positive electrode con- 
taining an active material including lithium compounds 
capable of electrochemically occluding and releasing 
lithium ions, a separator interposed therebetween. The 
battery further includes an organic ejectrojyte prepared, 
by dissolving lithium compounds as solute in an organic 
solvent! The organic solvent further includes at least 
one tetraalkyl phosphonium satt as an additive. As a 
result of the use of this additive, the lithium secondary 
battery has an improved charge and discharge effi- 
ciency, lowering of the capacity, retention rate is sup- 
pressed and cycle life is prolonged, and also energy 
density of the battery is increased. 
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Description 

FIELD OF THE INVENTION 

5 This invention relates generally to lithium secondary batteries, and more particularly to lithium secondary batteries 
of improved electrical characteristics which include an organic electrolyte containing at least one tetraalkyj phospho- 
niumsaJL 

BACKGROUND OF THE INVENTION 

10 

With recent rapid progress in the field of the electric and electronic industries, electric and electronic devices have 
been made higher in performance, smaller in size and portable. As such, the development of these devices has gener- 
ated considerable demand for secondary batteries with high energy density which can be used for these electronic 
devices. 

is Secondary batteries previously used for electric and electronic devices have been lead-acid batteries, nickel-cad- 
mium batteries, nickel hydrogen storage batteries and the like, and more recently, lithium secondary batteries. Lithium 
secondary batteries have been extensively studied and developed and some types have been put to practical use. A 
lithium battery is a secondary battery which is higher in battery voltage and is larger in energy density per weight and 
volume than conventional batteries, and thus is the most promising for batteries requiring high energy density. 

20 These lithium batteries include carbon materials capable of doping and undoping lithium ions electrochemically. 
The carbon materials are used as an active material for a negative electrode which is used in combination with a posi- 
tive electrode in the battery. The electrolyte previously used for this kind of battery has been a lithium salt such as LiBF 6 , 
UBF 4l or the like, as a solute, dissolved in a solvent mixture comprising ah organic solvent with a high dielectric con- 
stant such as propylene carbonate or the like and an organic solvent with a low viscosity such as diethyl carbonate or 

25 the like. 

In most cases where this kind of battery has been used as a power source for portable electric and electronic 
devices such as a camcorder, a portable telephone, or the like, it has been required that the battery have a long cycle 
life such as, for example, 500 cycles or more. While improved batteries have been made which have increased the 
charge and discharge reversibilities of positive arid negative active material, further increases in the cycle life are still 

30 required. With lithium secondary batteries, especially lithium secondary batteries using carbon materials as an active 
material for a negative electrode, an irreversible reaction takes place at the initial stage of the charge and discharge 
cycles. In order to prevent performance defects due to this reaction, a courrtermeasure has been carried out in the prior 
art of in advance adding to the positive electrode the amount of lithium which corresponds to the capacity to be lost. In 
other words, this courrtermeasure is adding the amount of lithium which wilj be trapped in the active material for the neg- 

35 ative electrode due to the irreversible reaction. This countermeasure. however, results in a lowering of the energy den- 
sity of the battery which has the limitation of the internal volume thereof . 

The present inventors have extensively investigated the cause of the irreversible reaction at the initial stage of the 
charge and discharge cycles and that of the decrease in the capacity with the progress of the charge and discharge 
cycles which takes place in the lithium secondary battery using carbon materials such as graphite and the like as an 

40 active material for the negative electrode. From these studies, the causes are presumed to be the result of the reaction 
between chemically active sites scattered in the carbon material of the negative electrode and lithium ions present in 
the organic electrolyte and introduced into the carbon material of the negative electrode at the time of charging, and 
that these reactions form chemically inactive compounds. 

45 SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide a lithium secondary battery which is free from the above- 
mentioned problems and comprises a negative electrode containing an active material of at least one carbon material 
capable of occluding and electrochemically releasing lithium, a positive electrode containing an active. material of at 
so least one Gthium compound capable of occluding and electrochemically releasing lithium ions, a separator interposed 
between the negative electrode and the positive electrode, and an organic electrolyte comprising at least one lithium 
compound dissolved as a solute in an organic solvent, the organic electrolyte further containing at least one tetraalkyl 
phosphonium salt . 

The tetraalkyl prtosphorturh saits used in the lithium secondary batteries of the invention include salts of tetraalkyl 
55 phosphonium cation with an anion of an inorganic acid such as a halophosphate or halobdrate, preferably a f luorophbs- 
phate orfluorborate. Generally, the alkyl groups of the tetraalkyl phosphonium cation each contain from 1 to 6 carbon 
atoms, preferably i to 4,carbon atoms;. Preferred examples of the tetraalkyl phosphonium salt to be added according to 
the present invention include tetraethyl phosphonium tetraf luoroborate, tetraethyl phosphonium hexafluorophosphate, 
tetra-n-butyl phosphonium tetraftuorbborate, tetra-n^butyl phosphonium hexafluorophosphate. and the like, but is not 
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limited thereta tt has been found that when either one or both of tetraethyt phosphonium tetrafluoroborate and tetraethyl 
phosphonium hexafluorophosphate is added to the electrolyte, especially large addition effects such as described 
below in detail are realized. Further, according to the invention, it has been found that in case where the amount of the 
tetraalkyl phosphonium salt added is in the range of from about 0.01 mol/l to about 0.50 mol/l, preferably about 0.05 
5 mol/1 to 0.25 mol/l, with respect to the organic electrolyte, especially good addition or beneficial effects can be 
obtained. 

According to the above-mentioned construction of the lithium secondary battery of the present invention, the irre- 
versible reaction at the active material of the negative electrode at the initial stage of the charge and discharge cycles 
is suppressed, and the cycle life of the battery is improved. The reasons why the addition of the tetraalkyl phosphonium 
salt to the organic electrolyte in a lithium secondary battery using carton materials as an active material for the negative 
electrode brings about suppression or even prevention of the irreversible reaction at the initial stage of the charge and 
discharge cycles, and thereby can result in a suppression of lowering in the battery capacity with the progress of the 
charge and discharge cycles and in increase in capacity retention rate, is not clear in terms of a detailed mechanism. 

However, it is theorized that the foregoing addition effects are the result of a mechanism that, immediately after the 
organic electrolyte containing the tetraalkyl phosphonium salt is added into a battery, cations produced by dissociating 
the tetraalkyl phosphonium salt in the organic electrolyte and the chemically active sites scattered in the carbon mate- 
rial of the negative electrode are selectively reacted with each other. As a result the chemically active sites thereby are 
inactivated. Further, it is also theorized that the decomposition of the organic solvent that would be otherwise caused 
by its reaction with the chemically active sites is prevented by the organic electrolyte containing the tetraalkyl phospho- 
nium salt 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The preferred embodiments of the present invention will be described in detail as follows. The organic electrolyte 
25 for the lithium secondary battery is prepared by dissolving at least one kind of lithium compound as set forth in the fol- 
lowing group in at least one kind of organic solvent as set forth in the following group, and the resultant organic electro- 
lyte is combined with at least one kind of the tetraalkyl phosphonium salt to obtain the organic electrolyte according to 
the present invention. 

The group of the foregoing lithium compounds used as a solute for the electrolyte includes inorganic lithium salts 

30 such as 'EJCI0 4 ; ;; LiBF 4 , LiPF 6 , LiAsF 6 , Lid, LiBr, and the like, and organic lithium salts such as LiB(C 6 H 5 ) 4 , 
UN(S0 2 CF3)2, LjC(S0 2 CF 3 ) 3 , LiOS02CF 3 , and the like. 

The group of ttie foregoing solvents includes liquid organic solvents capable of dissolving lithium salts and contain- 
ing up to 20, carbon atoms including cyclic esters such as propylene carbonate, ethylene carbonate, butylene carbon- 
ate, Y*butyro!actone, vinylene carbonate. 2-methyl^-butyrblactone, acetyl-y-butyrolactone, y-valerolactone, and the like, 

35 and f luoro-cydic esters prepared by substituting at least one of hydrogen atoms of any kind of the above-listed cyclic 
esters; cyclic ethers such as tetrahydrofuran, alkyl tetrahydrof uran, dialkyl tetrahydrof uran. alkoxy tetrahydrofuran, 
dialkoxy tetrahydrofuran, and the like; chain ethers such as 1 ,2-dimethoxy ethane, 1 ,2-diethqxy ethane, diethyl ether, 
ethylene glycol-dialkyl ether, diethylene glycol-alkyl ether, triethylene glycol-dialkyl ether, tetraethylene glycol dialkyl 
ether, and the like; and chain esters such as dimethyl carbonate, methyl ethyl carbonate, diethyl carbonate, methyl pro- 

4o py) carbonate, methyl butyl carbonate, ethyl propyl carbonate, ethyl butyi carbonate, dipropyl carbonate, butyl propyl 
carbonate, dibutyl carbonate, alkyl propionate; dialkyl malonate, alkylacetate, arid the like. 

Presently preferred examples of the electrolytes are those containing at least one kind of lithium salt selected from 
UCI0 4 , LiBF 4 , UPF 6 , and UOSO2CF3 dssolved in a solvent mixture prepared by mixing at least one kind of cyclic car- 
bonate ester such a propylene carbonate, ethylene carbonate, butylene carbonate, and the like, and at least one kind 

45 of chain carbonate ester such as dimethyl carbonate, methyl ethyl carbonate, diethyl carbonate, arid the like. 

According to concepts of the present invention, any of the above electrolytes is used with the tetraalkyl phospho- 
nium salt. It has been found that above all, when an electrolyte prepared by dissolving LiBF 6 in the solvent mixture 
imposed of ethylene carbonate and propylene carbonate is used in conjunction with the tetraalkyl phosphonium salt, 
there can be obtained especially large addition or beneficial effects. 

so As for the lithium compounds used as an active material for the positive electrode, preferably the Irthium com- 
pounds are, for example, lithium con^ring .complex oxides having an arNaGrQ 2 structure such as. LiCo0 2 , LiNib 2 ; 
LiMn02, etc., and LjMn 2 6 4 , etc. On the other hand,. the carbon materials used as an active material for the negative 
electrode indude, for instance! soft carbon (easy graphitized carbon),* hard carbon (hard graphitized carbon), pitch coke 
carbon, natural graphite, artificial g-aphrte, and.the Gke. / . 

55 Specific embodiments of the present invention are explained in detail in the following. For these embodiments, 
UCo0 2 powder as an active material for: a positive electrode, graphite powder as a electroconductive material,, pofyvi- 
nylidehe fluoride resin as a binder, and N-methyl-2-pryrofidone as a solvent for the binder were mixed together and 
stirred by a homogenizer to obtain a active material slurry mixture. This slurry mixture was coated on one side of an 
electric collector of aluminum foil by using a slot die coater, and thereafter the slurry mixture was dried in an oven at 
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100°C to 130°C so as to remove the solvent. Subsequently, the same slurry mixture also was coated on the other side 
of the electrical collector and dried in the same manner as described above to remove the solvent so as to thereby form 
coated active material mixture layers on both sides of the electric collector. The collector then was rolled with a roller 
press to even the thickness or density of the coated active material mixture, and thereafter the collector was subjected 
5 to an aging treatment in a vacuum drier such as a vacuum oven or the like to obtain the positive electrode. 

A negative electrode was made with soft carbon powder having a degree of crystallization of about 40% for use as 
the carbon material which is capable of occluding and electrochemically releasing lithium ions, styrene-butadiene rub- 
ber type resin for use as a binder, and ethyl acetate for use as a solvent for the binder. These materials were mixed and 
stirred by a homogenizer to obtain a slurry of an active material mixture for preparing the negative electrode. The slurry 
io mixture was coated on one side of an electric collector made of copper foil using a slot die coater, and thereafter, the 
coated slurry mixture was dried in an oven at 130°C to remove the solvent. The slurry mixture also was coated on the 
other side of the collector, and dried to remove the solvent in the same manner as mentioned above so as to thereby 
form coated active material mixture layers on both sides of the collector. The collector was then roiled with a heated 
roller press so as to obtain a predetermined density of the coated active material mixture/and the collector was sub- 
ejected to a heating treatment w^ 

The positive electrode and the negative electrode thus obtained were stacked with a separator between the elec- 
trodes. The separator was of micro-porous film having a three dimensional structure (in the form of sponge) made of 
polyolefin resin such as polypropylene, polyethylene, copolymers thereof, or the like. The stacked electrodes were 
rolled to form a spiral electrode assembly which was then placed in a tubular container made of stainless steel thereby 
20 obtaining a battery container containing the electrode assembly. In the above manner, a large number of the battery 
containers were prepared. 

various kinds of organic electrolytes prepared as described below were poured into the respective battery contain- 
ers, and then the openings of the battery containers were hermetically closed with respective covers. The resultant bat- 
teries were sealed cylindrical lithium secondary batteries of AA-size with 500 mAh rated capacity. 

25 

TEST EXAMPLE 1 

Various organic electrolytes with tetraalkyl phosphonium salts were formulated for the above batteries. The organic 
electrolyte was prepared by dissolving LiPF 6 in a solvent mixture obtained from mixing ethylene carbonate, propylene 

30 carbonate and dimethyl carbonate in the ratio of 1 :1 :2 by volume so that the concentration of LiPF 6 became 1 mol/l. Var- 
ious kinds of tetraalkyl phosphonium salts as shown in the following Table i were then added to samples of the organic 
electrolyte. These resultant electrolytes containing. the various kinds of tetraalkyl phosphonium salts were poured into 
the previously described battery containers and then sealed to complete the above-mentioned various kinds of batter- 
ies as shown in Examples 1-5 of Table 1 . In addition, a battery as described in Comparative Example 1 was made using 

35 the foregoing electrolyte but which cfid not contain a tetraalkyl phosphonium salt in order to demonstrate the addition, 
and beneficial effects of the present invention. 



TABLE 1 





. . Tetraalkyl phosphonium salt 


Charge and discharge 
efficiency at the 1st 
cycle (%) 


Capacity 
retention rate 




Kind . 


Concentration Mol/l 






Example 1 


(C2H 5 ) 4 PBF 4 


0.1 


76 


84 


Example 2 


(CgH^PPFe ; 


0.1 


79 


85 


Example 3 


(^H5) 4 RBF 4 + 
(CzH^PPFe 


0.05+0,05 


74 


84 


Example4 


(C 4 H 9 ) 4 PBF 4 : 


0.1 


67 . 


71 


Examples 


(C 4 H 5 ) 4 PPF 6 . 


0.1 


.67 


. 74 : 


Comparative Example 






.45 


66 



. . . The batteries of. Examples 1 -5 and the battery of the Comparative Example then: were tested .for electrical perform- 
ance as follows. First all of the batteries were charged with about 0.2 CmA at a temperature of about 20°C until the 

:\ battery voltage reached about 4.1 V. After allowirig the batteries to stand for ten minutes/the bathes were cfischarged; 
with the same current as above until the battery votege became 2.7 V Again, after allowing thebatteries to stand for 
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ten minutes, the batteries were charged again with the same current as above. This charge and discharge operation 
was repeated for 500 cycles. During this procedure, a charge and discharge efficiency at the first cycle and a capacity 
retention rate thereof were measured and calculated for comparison purposes. 

A value of the charge and discharge of the first cycle was obtained by using the following equation (1 ). In particular, 
5 the value is percentage of a discharge capacity (mAh) at the first cycle on a charge capacity (mAh) at the first cycle, 
and thus is the lost capacity of the. active material of the negative electrode caused by the irreversible reaction at the 
first cycle expressed in a numerical value. 

Charge and discharged efficiency (%) = Discharge capadty at the 1st cyde (mAh) (1) 

10 V Charge capacity at the 1st cycle (mAh) \ ' 

Further, a value of the capacity retention rate was obtained using the following equation (2). In particular, the value 
is the cycle life of the discharge capacity at the 500th cycle relative to the discharge capacity at the 5th cycle as 
expressed in numerical value. - . 

15 

Capacity retention rate(%) = Dj^arge capaci^ at the WOth cycle (mAh) 2 

^ - v ' : Discharge capacity at the 5th cycle (mAh) v ' 

The capacity retention rate of each of the foregoing batteries obtained from the foregoing charge and discharge 
20 tests is shown in the Table 1 above. As can be seen from Table 1 , the batteries of Examples 1-5 which embody the 
present invention exhibit larger values than the battery of the Comparative Example in both the charge and discharge 
efficiency at the first cycle and the capacity retention rate. 

In addition, the batteries of Examples 1-3 exhibit a particularly high charge and discharge efficiency at the first cycle 
which is more than 70%, and a high capacity retention rate which is more than 80%. Thus, when the tetraaikyl phos- 
25 phonium salt added to the electrolyte is at least one kind selected from the group comprising tetraethyl phosphonium 
tetrafluoroborate and tetraethyl phosphonium hexafluorophosphate, especially high addition and beneficial effects can 
be obtained. 

TEST EXAMPLE 2 

30 

Various electrolytes with a tetraaikyl phosphonium salt were prepared according to the above-mentioned proce- 
dure. In particular, an organic electrolyte was prepared by forming a solvent mixture by mixing ethylene carbonate, pro- 
pylene carbonate and dimethyl carbonate in the ratio of 1:1:2 by volume and then dissolving sufficient LiPF 6 in the 
solvent mixture such that the concentration of LiPF 6 became 1 mol/l. Tetraethyl phosphonium tetrafluoroborate as an 
35 additive was added to samples of the organic electrolyte thus prepared such that the concentration of the additive was 
as shown in the following Table 2. The respective electrolytes with the additive thus prepared were poured into the bat- 
tery containers of the above-mentioned type and then sealed to obtain batteries of Examples 6-10. 



TABLE 2 





. Tetraaikyl phosphonium salt 


Charge and discharge 
efficiency at the 1st 
cycle (%) 


Capacity 
retention rate 




Kind 


Concentration Mol/l 






Example 6 


(C2H5) 4 PBF 4 


0.30 


63 


68 


Example 7 


(C2H5) 4 PPF4 


0.25 


70 


72 


Example 8 


(C2H 5 )4PBF 4 


0.20 . 


72 


81 


Example 9 


(C 4 H 9 ) 4 PBF 4 


0:05 


66 


? 6 


Example 10 


(C 4 H 5 ) 4 PBF 4 


0.01 


57 


69 



For these batteries of Examples 6-10, the charge and dschaige<^c!e was repeated forSOO cycles umJer the same 
55 conditions as in Test Example 1. The charge and discharge efficiency at the first cycle and the capacity retention rate 
. for each battery were measured and calculated, the value of the charge and discharge efficiency at the first cycle was 
obtained by using the above equation (1) and the value of the capacity retention rate was obtained : by using the above 
equation (2) in a similar manner to that of Test Example 1. 

The charge and discharge efficiency at the first cycle and the capacity retention rate of each of the batteries of 
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Examples 6-1 0 after the foregoing charge and discharge test is shown in Table 2 as mentioned above. As can be seen 
from Table 2, the values for the charge and discharge efficiency and capacity retention rate of the batteries of Examples 
6-10 which are in accordance with the present invention are larger than those of the battery of the Comparative Exam- 
ple as shown in Table 1. 

5 In addition, it is to be noted from the data of Table 2 that the batteries of Examples 7-9 exhibit a high charge cfis- 
charge eff iciency of more than 65% and a high capacity retention rate of more than 70%. Therefore, with respect of the 
addition of the tetraalkyl phosphonium salt, if the amount added is limited to be in the range of from 0.05 mol/I to 0.25 
mol/l, an especially high charge and discharge efficiency and capacity retention rate can be obtained. 

ro TEST EXAMPLE 3 

Variqus electrolytes with the tetraalkyl phosphonium salt were prepared and included in lithium secondary batteries 
which were subjected to a charge and discharge cycle test The electrolytes were prepared by dissolving various kinds 
of lithium compounds as a solute as shown in the following Table 3, in solvent mixtures prepared by varying the kind of 

is solvents for organic electrolytes, the mixing ratio thereof as shown in Table 3, such that the concentration of the partic- 
ular lithium compound was 1 mol/l. Tetraethyt phosphonium tetrafluoroborate as an additive was added to these elec- 
trolytes in amounts such that the concentration thereof was 0.1 mol/l. The resultant respective electrolytes with the 
contained additive were poured into respective battery containers and the containers sealed so as to obtain a battery 
similar to foregoing battery of Example 1 and as well as the batteries of Examples 11-21. For further illustrating the 

20 addition and beneficial effects realized by the batteries according the present invention, a number of sample electro- 
lytes which had the same composition as the electrolytes as used in the batteries of Examples 1 and 1 1-22, but which 
did not contain the tetraalkyl phosphonium salt, were prepared, and these electrolytes were poured into battery contain- 
ers as above so to obtain batteries of Comparative Examples 1-12 as shown in Table 3. 

These batteries of Examples 1 and 1 1-21 and the batteries of Comparative Examples 1-12 were subjected to the 

25 previous described charge and discharge cycle test. The results of these tests are also set forth in Table 3. 



55 
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TABLE 3 



5 




Mixture solvent 


Solute 


Additive 






Composition 


Mixing ratio 
by volume 








Example 1 




4.4 .rt 

1:1:2 


LiPFc 

Ull 1 g 


YF55 


10 


ExarrtDle 1 1 


PC+DMC 


1:1 


LiPFc 
ur rg 


YF55 


ExarrtDle 12 


r(J+ucO . 


4 74 

. 1:1 


LiPFc 

ur r g 


T CO 




Example 13 




i . 1 


LiPF* 
urr 6 


1 co 


■ 


Example 14 


PC+DMb 


4 .4 

1:1 


UPFs 


YES 


IS 


Examole 15 


bU+UMO 


4 .4 
.1-1 


LiPFc 
i_ir rg 


YFQ 

I co 




Example 16 


co r\co 

EC+DEC 


1:1 


LiPFc 

.ur rg 


1 CO 


- ■ 


Examole 17 


CTO . iir/> 

EC+MEC 


1 :1 


ur rg 


YFQ 

T CO 


20 


Exarnble 18 ■ 


EC+DME 


1:1 


LiPF* 
ur rg 


YFS 

T CO 




ExarrtDle 19 

^»4rW* * v 


CO . DO . rMlJO 

cC+rC+DMo 


4.4 

1 :1:2 


LiPF^ 
urrg 


YF9. 

I co 




Example 20 


co . do . nun 


1:1:2 




YFR 

T CO 




Example 21 


CO . DO . PifcJO 

EC+PC+DMC 


1 :1 :2 


LiOSOo CFo 


YES 

T ^O 


25 


C. Examole 1 


co . oo . mijio 

EC+PC+DMC 


4 .4 -A 

1:15 


LiPF^ 
urrg 


NO 




C Examole 2 


PC+DMC 


1:1 


LiPF^ 
urrg 


NO 




C Examole 3 


DO . OCO 

PC+DEC 


4 .4 


1 iPF,. 
urrg 




30 


C. ExarrtDle 4 


PC+MEC 


i:1 


LjPFr, 

urrg 


NO 




C. Example 5 


PC+DME 


1:1 


LiPF 6 


NO 




C. Example 6 


EC+DMC 


1:1 


UPF 6 


NO 




C. Example 7 


EC+DEC 


1:1 


UPF 6 


NO 


35 


C. Example 8 


EC+MEC 


1:1 


UPF 6 


NO 




C. Example 9 


EC+DME 


1:1 


UPF 6 


NO 




C.Example 10: 


EC+PC+DMC 


1:15 


UCI0 4 


NO 


40 


C. Example 11- 


EC+PC+DMC 


1:12 


LiBF 4 


.. .. NO v, 




C. Example 12 


EC+PC+DMC 


1:1:2 


U0S0 2 CF 4 


NO 



In Table 3, C stands for Comparative. EC stands for ethylene carbonate, PC stands for propylene .carbonate, DMC 
45 stands for cfimethyl carbonate, DEC stands for diethyl carbonate, MEC stands for methyl ethyl carbonate, and DME 
stands for 1,2-dimethoxy ethane. 

For each of these batteries, the charge and discharge cycle was carried out 500 times, that is, for 500 cycles, under 
the same conditions as descrfced above in Test Example 1, and the charge and discharge efficiency at the first cycle 
and the capacity retention rate were measured and calculated. In addition, the effects resulting from the addition of the 
so tetraalkyl phosphonium salt were waluated* These resutte are shown in Table 4 and as described below. 
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TABLE 4 







Charge & discharge 


Capacity 


Addition effect rates (%) 


5 




efficiency at 1st 


efficiency (%) 










CyGle \ 7o) 
















vsiiafye ot atounaige 


oapacrry reienuon 










efficiency at 1st cycle 


rate 


10 . 


Example 1 


79 


84 


76 


27 




Example 11 


60 


64 


42 


10. 




Example 12 


56 


61 


47 


13 


15 


Example 13 


59 


63 


51 


13 




Example 14 


51 


45 




10 




Example 15 


74 


72 


57 


13 




Examplei6 


69 


68 


41 


13 


20 


Example 17 


73 


70 


58 


15 




Example 18 


57 


55 


50 


15 




Example 19 


67 


73 


52 


14 


25 


Example 20 


64 


65 


49 


10 


Example 21 


66 


56 


47 


8 




C. Example 1 


45 


66 


- 


- 




C. Example 2 


42 


58 


. - 


_ 


30 


C. Example 3 


38 


54 


_ 






C: Example 4 


39 


56 




- 




C. Example 5 


33 


41 






35 


C.ExampIe 6 


47 


. 64 








C.ExampIe 7 


49 ' 


60 








C. Example 8 


46 


6 r 






40 


C.ExampIe 9 


38 


48 






C.ExampIe 10 


44... 


64 








C.ExampIe 11 


43 


59 








C.ExampIe 12. 


45 . 


52 







In the above Table, the value of the charge and discharge efficiency at the first cycle was obtainied by using equation 
(1) set forth previously and the value of the capacity retention rate was obtained by using the equation (2) similar to the 
case of Test Example 1. for the foregoing addition effect rates set forth in Table 4, the addition effect rate in terms of 
the charge and discharge efficiency at first cyde was calculated ^ 

so ' ' V - ■ . ■ ' . ' , ' ■'" - • . . -\ - - . 

Addition effect rate in case of charge and discharge efficiency at the 1st cycle (%) = (3) . 

Charge and discharge efficiency at the Charge and discharge efficiency at the 1st cycle in battery with 

: additive -1st cycle in battery with no additive : 

Charge efficiency at the 1st cycle in battery with no additive. 

: x100 - 

The ; value of the addition effect rate in terms of the capacity retention rate as set forth in Table 4 was obtained by 
using the following equation (4). 
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Addition effect rate in case of capacity retention rate (%) = (4) 

Capacity retention rate in battery witfr additive - Capacity retention rate in battery with ho additive 

Charge retention rate in battery with no additive 

x 100 

5 

Thus, in the Table, the addition effects in the terms of the charge and discharge efficiency at the first cycle and the 
capacity retention rate were expressed in numerical value. 

While in the foregoing Test Example 1 , the tetraalkyl phosphonium salt used was tetraethyl phosphonium tetraf luor- 

10 PPhosphate. tetraethyl phosphonium he^luorophpsphate, tetra-n-butyl phosphonium tetrafluorqphosphate and/or 
tetrabutyl phosphonium hexafluorophosphate, it is to be recognized that other kinds of tetraalkyl phosphonium salts 
may be used and the addition effects of the present invention may still be achieved. In addition, while the organic elec- 
trolyte used in conjunction with the tetraalkyl phosphonium salts was prepared by dissolving LiPF 6 of 1 mol/l in a solvent 
mixture of ethylene carbonate, propylene carbonate and dimethylcarbonate in a mixing ratio of 1 :1 :2 by volume, it is to 

15 be also recognized that other organic electrolytes with the subject additive of a tetraalkyl phosphonium salt may be used 
to obtain the addition effects of the present invention. 

Furthermore, while a tetraethyl phosphonium tetraf luorophosphate was used as the tetraalkyl phosphonium salt in 
the Test Example 2, it is to be recognized that other kinds of the tetraalkyl phosphonium salts may be used to obtain the 
addition effects of the present invention. In addition, while the organic electrolyte used in conjunction with the tetraalkyl 

20 phosphonium salt was prepared by dissolving LiPF 6 in amount of 1 mol/l in a solvent mixture of ethylene carbonate, pro- 
pylene carbonate and dimethyl carbonate in a mixing ratio of 1 :1 :2 by volume, it is to be recognized other organic elec- 
trolytes may be used to obtained the addition effects of the present invention. 

Furthermore, while tetraethyl phosphonium salt was used as the tetraalkyl phosphonium salt in Test Example 3, 
any other kinds of tetraalkyl phosphonium salts may be used to obtain the addition effects of the present invention. In 

25 . addition, while the organic electrolytes used in conjunction with the tetraalkyl phosphonium salt in this Example were 
prepared by (1) dissolving UPF 6 in an amount of 1 mol/l in a solvent mixture of ethylene carbonate, propylene carbonate 
arid dimethyl carbonate in a mixing ratio of 1 :1 :2 by volume, (2) dissolving LiPF 6 in an amount of 1 mol/l in a .solvent 
mixture of propylene carbonate and dimethyl carbonate in a mixing ratio of 1:1 by volume, (3) dissolving IJPF 6 in an 
amount of 1 mol/1 in a solvent mixture of propylene carbonate and diethyl carbonate in a mixing ratio of 1:1 by volume, 

30 (4) dissolving LiPF 6 in an amount of 1 mol/l in a solvent mixture of propylene carbonate and methyl ethyl carbonate in 
a mixing ratio of 1 :1 by volume, (5) dissolving LiPF 6 in an amount of 1 mol/1 in a solvent mixture of propylene carbonate 
and 1 ,2-dimethyoxy ethane in a mixing ratio of 1 :1 by volume, (6) dissolving UPF 6 in amount of 1 mol/l in a solvent mix- 
ture of propylene carbonate and diethyl carbonate in a mixing ratio of 1 :1 by volume, (7) dissolving LiPF 6 in an amount 
of 1 mbl/l in a solvent mixture of propylene carbonate and methyl ethyl carbonate in the mixing ratio of 1 :1 by volume, 

35 (8) dissolving LiPF 6 in an amount of 1 mol/l in a solvent mixture of ethylene carbonate and dimethyl carbonate in a mix- 
ing ratio of 1 :1 by volume, (9) dissolving UPF 6 in an amount of 1 mol/1 in a solvent mixture of ethylene carbonate and 
1 ,2-dimethoxy ethane in a mixing ratio of 1 :1 by volume, (10) dissolving UCIO4 in an amount of 1 mol/l in a solvent mix- 
ture of ethylene carbonate, propylene carbonate and dimethyl carbonate in a mixing ratio of 1:1 :3 by volume, (11) dis- 
solving IJBF4 in amount of 1 mol/l in, a solvent mixture of ethylene carbonate, propylene carbonate and dimethyl 

40 carbonate in a mixing ratio of 1 :1 :2 by volume, or (12) dissdvirig UOSO2CF3 in ah amount of 1 mbl/l in a solvent mixture 
of ethylene carbonate, propylene carbonate and dimethyl carbonate in a mixing ratio of 1:1:2 by volume, other organic 
electrolytes may be used to obtain the addition effects according to the present invention. 

As is evident from the above, according the present invention, a lithium secondary, battery can be obtained which 
has particular advantages in terms of electrical performance. These advantages include an improved charge and dis- 

45 charge efficiency at the initial stage of the charge and discharge cycles, suppression of the lowering of the capacity 
retention rate is extended in the cycle life, and an increased energy density. 

Although the present invention has been described with reference to preferred, embodiments thereof, it is to be 
understood that various modifications and variations may be utilized without departing from the spirit and scope of this 
invention as those of ordinary skill in the art will readily understand. Such modifications and variations are considered 

so to be within the purview and scope of the present claims. 

Claims 

1 . A lithium secondary battery comprising a negative electrode containing an active material of at least one carbon 
55 material capable of occluding and electrochemically releasing lithium, a positive electrode containing an active 
material of at least one lithium compound capable of occluding and electrochemically releasing lithium ioris, a sep- 
arator interposed between the negative electrode and the positive electrode; and an organic electrolyte comprising 
at least one lithium cbnripound [dissolved as a solute in an organic solvent, the organic electrolyte further containing 
at least one tetraalkyl phosphonium salt 
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2. A lithium secondary battery according to claim 1 , wherein the tetraalkyl phosphonium salt is selected from the 
group consisting of tetraethylene phosphonium tetraf luorophosphate and tetraethyl phosphonium hexaf luorophos- 
phate. 

5 3. A lithium secondary battery according to any one of claim I and claim 2, wherein amount of the tetraalkyl phosr 
phonium salt in the organic electrolyte is in the range of from 0.05 mol/l to 0.25 moi/l. 

3. A lithium secondary battery according to any one of claim 1, claim 2 and claim 3, wherein the lithium compound 
of organic electrolyte includes LiPF 6 and the organic solvent includes a mixture of ethylene carbonate, propylene 

10 carbonate and dimethyl carbonate: 

5. A lithium secondary battery according to claim 1 , the carbon material used as the active material for the negative 
electrode is selected from the group consisting of soft carbon, hard carbon, prtchcoke carbon, natural graphite and 
artificial graphite. 

15 

6. A lithium secondary buttery according to claim 5, wherein the carbon material of the negative electrode includes 
soft carbon having a degree of crystallization of about 40%. 

7. A lithium secondary buttery according to claim 1 , wherein the carbon material of the negative electrode includes 
.20 soft carbon having a degree of crystallization of about 40%. 
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